The development of synthetic biomaterials for bone fixations has greatly enhanced orthopedic surgery efficiency over the last two decades. With the advancement in medical technology, several materials such as metals, ceramics, polymers and composites have been considered over the years for possible implantation into the body. These materials however, must have the following required properties that will qualify them as potential medical devices: biocompatibility, mechanical properties, corrosion resistance, creep resistance, etc. The quest in making up for the disadvantages of metallic fixations has culminated in a paradigm shift to the use of biodegradable polymers. Biodegradable polymers are light-weight materials with low elastic moduli between 0.4 -7 GPa. These materials can be engineered to degrade at rates that will slowly transfer load to the bone. In addition, complications like corrosion, release of metal ions and stress shielding associated with metal implants are eliminated. This review considers studies carried out on most commonly investigated and widely used synthetic biodegradable polymers, their successes and limitations. It also provides process for efficient utilization of these polymers as bone fixtures without inflammation and stress shielding.
Introduction
In orthopedic surgery, biomaterials such as metals, ceramics, polymers and composites are being considered as implants that can intimate contact with living tissues [1] [2] . Over the years, different metallic alloys have been widely used for fracture fixations owing to the good mechanical properties and biocompatibility they possess [3] . Commonly used orthopedic alloys include stainless steels, cobalt, magnesium and titanium-base alloys [4] [5] . However, it has been established that after the removal of internal metallic fixations, the residual bone still re-
Challenges of Biodegradable Polymers
The general criteria for selecting a polymer for use as an orthopedic device are its ability to combine mechanical properties with degradation time to the needs of the application such that sufficient strength remains until the bone is healed. A goal of implantology study is to design devices that induce controlled, guided and rapid healing [22] . Designing an implant to slowly degrade and transfer stress to the surrounding tissue as it heals at appropriate rate, is one of the major challenges that researchers face [12] . Although, these frequently used synthetic polymers may have excellent properties, there are drawbacks when faced with requirements for certain applications as their diverse properties have engendered their differences in resorption time. The approximate time for complete resorption of PGA is between 6 -12 months, for PCL and PLLA is beyond 36 months, while for PDLLA is between 12 -15 months [17] .
To avoid complications and failure of the surgery, it is necessary for complete degradation of polymer to match the bone-healing time. This thus requires the creation of new materials that can degrade at rates that satisfy the conditions of healing and load-carrying ability. Most researches in this area have used the combination of two or more polymers to enhance synergic and controlled characteristics. Bibber, [23] proposed that the most preferable lactide-glycolide ratio is that of 90% polylactide and 10% polyglycolide (90:10 PLGA) adaptation. This is because the polymer is easy to handle as it does not display soft and gooey feature of high composition of glycolide. In a study by Dunne, et al. [24] , degradation characteristics of PLGA 50:50 can be influenced by considering factors such as processing conditions, particle features and releasing media temperature. Low and high molecular weights of PLGA 50:50 with PLGA 85:15 have been implanted in sheep and found to be nontoxic as the breakdown of their degradation products did not produce damaging inflammatory response at the end of 8 weeks of implantation [25] . A non-crystalline polymer composed of 70% poly-L-lactide and 30% poly-D,L-lactide (70:30 PLDLLA), having a degradation time of 12 -18 months, has been chosen by MAST Biosurgery [26] to be adequate as tissue implants. This adopted by Ciambelli, et al. [27] , resulted in PDLLA 70:30 usage with improved biocompatibility. A scaffold made of 50% PLA and 50% PCL (PLCL 50:50) has been found to be efficient for vascular tissue engineering as it gives perfect tissue compatibility [28] .
A careful study of the variation in the combining ratios of these polymers needs to be undertaken while considering factors that may affect their degradation. The rate at which the polymer loses its mechanical strength per exposure time can be used to evaluate the rate of load transfer to the bone. Relationship among polymer degradation parameters with blend ratio needs to be investigated for the use of appropriate polymer in bone surgery.
Moreover, a major challenge affecting the commercialization of synthetic polymers is cost [29] . To curb this, relatively abundant natural polymer like starch, a source of PLA [30] is being used in bone tissue engineering [31] to reduce the dependence on fossil fuels. In the marine environment, chitin is confirmed to be the second most abundant biopolymer in nature after cellulose [32] [33] which forms the main exoskeletons of arthropods such as crustaceans. It has been extracted from crab, crayfish, periwinkle and shrimp [34] and used as implant [35] - [38] . The degradation behaviour of chitin and its blends with the synthetic polymers and starch needs to be investigated.
In addition to experimental study, constitutive models that describe mechanical behavior during degradation have been developed and validated with experimental results [39] . These models are only valid for low thickness devices in the first steps of erosion. It is recommended that, detailed models that would consider degradation rate dependence on temperature, environment and stress state need to be updated for further complicated needs.
Theoretical Background
Natural and synthetic bioresorbables (use of biodegradable polymers in orthopedics) do degrade over time by chemical hydrolysis of hydrolytically unstable back bone [12] [40] . The process occurs by penetration of water into the polymer network which cleaves its bond and eventually transforms the solid polymer into a water-soluble one. Hydrolysis of solid biodegradable implants is associated with macroscopic changes of device appearance [41] [42] , changes in mechanical properties [28] [39] [43] swelling [44] and weight loss [42] [45] .
Two types of biodegradation have been described in literature, which are bulk and surface erosion [12] [19] [40] . Bulk erosion occurs when the rate at which water penetrates into the polymer matrix is faster than the bond cleavage rate, i.e. the rate at which the polymer is transformed to a water-soluble material. The uptake of water takes place throughout the entire volume of the solid device and culminates in cracks and fragments [40] . For instance, PGA implanted in the femoral medullary canal of a rabbit fragmented after 21 days of implantation [46] . Blend of PGA with PDLA and PLLA in the ratio 10/10/80 fragments on the 24th week after incubation in phosphate buffer solution [47] . Majority of the medical polymeric devices are found to degrade via bulk erosion [19] . In the case of surface erosion, the rate of polymer bond cleavage is more rapid than the influx of water into the polymer matrix. The erosion is therefore limited to the surface of the polymer device which becomes thinner with time while it maintains its structural integrity over many periods of degradation.
In summary, rate of the erosion process has been confirmed to be influenced by stability of polymer back bone [19] , hydrophilicity/hydrophobicity of the monomer [45] [48], polymer morphology [49] , initial molecular weight of polymer [50] presence of additives, catalysts or plasticizers [51] - [53] , fabrication/processing technique [54] - [56] , implant surface-volume ratio, i.e. porosity [57] and the geometry of the implanted device [58] .
Single Polymers Characterizations
Gauser et al., [59] characterized PLLA containing 4.5 wt% lactic acid by mass changes, gel permeation chromatography (GPC), wide and small-angle X-ray scattering (WAXS and SAXS), simultaneous SAXS with tensile testing, and visual observation for degradation. Crystallisation of samples occurred during water up-take as degradation proceeded and this decreased SAXS period by 4 days when crystal-mediated deformation mechanism occurred. This occurrence led to "peanut-lemon"-shaped SAXS pattern, interpreted in terms of cavitation and fibrillated shear. Similar deformation mechanism at different sample displacements occurred on the 12th day of degradation. Water uptake and mass loss increased between 30 and 40 days of degradation while crystallinity of samples was stabilized. They reported that design of devices can be undertaken via imposed microstructures for a tailored evolution of mechanical response.
Thermal degradation of PLA has been investigated under inert atmosphere using both isothermal and dynamic heating regimes via thermogravimetry analysis (TGA) [60] . The researchers employed two kinetic models, one for each regime to fit the experimental data. Results demonstrated that the thermal degradation of PLA is a onestage process within the range 0% -30% of weight loss, having activation energy of 21 -23 kJ/mol. Nugroho and Mitomo [61] used -rays irradiation at 25˚C for biodegradation evaluation and electron beam irradiation at 90˚C for high temperature stability study of PLA. In evaluating the effects of irradiation at high temperature, the PLA sheets were prepared in several ways vis-a-viz 1) annealing at 90˚C, 2) irradiation at room temperature, 3) irradiation at room temperature after annealing at 90˚C, 4) annealing at 90˚C after irradiation at room temperature and 5) irradiation at 90˚C. Gamma-irradiation of samples occurred both in air and vacuum at a dose rate of 10 kGy/h for various periods while dose for the electron beam sample irradiation varied by adjusting exposure time. Enzymatic degradation of PLA powder was also carried out in phosphate buffer of pH 7.4 containing the enzyme proteinase-K for weight loss measurements. The degradation of PLA was observed to occur by a chain-scission in both atmospheres at low dose. At higher irradiation dose, the decrease in molecular weight was found to be less pronounced. It was suggested that recombination reaction of free radicals became almost equal to chain-scission reaction. In the enzymatic degradation test, weight loss values of irradiated PLA samples decreased with molecular weight declination by irradiation and the introduction of crosslinking by irradiation was said to be a reason for this. Combining annealing and irradiation at high temperature (90˚C) was thus confirmed to improve PLA heat stability and rearrangement of some chain scissions which ends up increasing its crystallinity.
Fracture behavior of quenched PLA sheets having different D-lactic monomer contents of 4.25% and 2%, obtained by cast sheet extrusion and de-aging has been studied [62] . The study involved de-aging the D-monomer contained PLA in oven at 60˚C for 20 minutes followed by quenching in an iced water bath. Characterization methods used include the use of a DSC, universal testing machine and the essential work of fracture (EWF). The results showed that heating at temperatures close to glass transition temperature (T g ) and subsequent quenching treatment yields a de-aging effect with an increase of the free volume of polymeric chains. Quenching enhanced brittle-to ductile changes in the fracture behaviour of PLA irrespective of the D-lactic isomer content, with a decrease on the tensile strength, appearance of shear yielding and a localized neck formation. The use of the EWF method to characterize the fracture toughness of PLA enhanced the measurement on toughness after quenching and de-ageing treatments.
Effects of crystallization and loading rate on the mode I fracture toughness and mechanism of PLA studied by Park et al., [63] involved the investigation of thermal and dynamic mechanical properties of the PLA. Fracture tests with Mode I revealed crack growth behaviours and fracture surfaces under polarizing microscope (POM) and SEM. Results showed that static values of critical mode 1 energy release rate (G IC ) decreased with increase in crystallinity due to the disappearance of multiple craze formation which corresponded to the decrease of amorphous region. Observations for the amorphous PLA showed that at impact loading rate, G IC increased due to increase of fibril structure. The study also indicated that the impact toughness for the crystallized PLA was superior to the static one and was attributed to the formation of fibril structure at the impact rate.
Rods of stainless steel and PLLA have been implanted into the femoral bone of young pigs for 4 and 12 weeks in other to access early and complete tissue healing [64] . Similar notable changes in chemical and mechanical properties were observed in both materials during the period of study with no significant polymer implant resorption. Reactive bone changes between screws of self-reinforced poly-L-lactide (SR-PLLA) and stainless steel fixations of the distal femoral osteotomies in rabbits between 6 and 36 weeks have been investigated [65] . With the use of plain films, quantitative computed tomography (QCT) and magnetic resonance imaging (MRI) for bone change characterization, cortical bone density on the metallic fixture significantly reduced. However, that with SR-PLLA fixture did not. In the 36th week, oedematous zones were observed to be smaller in the SR-PLLA fixation group than in the metallic one. Results of all the three imaging modalities pointed towards the same direction as each gave indirect evidence towards a more rapid and better osteotomy healing with more in the physiologically elastic SR-PLLA screws than with the metallic screws. Thus, the results of SR-PLLA screws showed that SR-PLLA will prevent stress-shielding.
Effects of processing conditions which are known to change bulk properties and not composition on the surface properties of PLLA has been investigated by Park and Cima [54] . Amorphous PLLA films were produced by melting (at 200˚C) solvent-cast PLLA in a vacuum oven (125 Torr) followed by rapid quenching in shallow water bath. This was followed with annealing at 70˚C in a vacuum (125 Torr) and finally at 0.010 Torr for 24 hours. The procedure yielded crystalline PLLA films which were characterized using DSC, WAXD and SEM. A greater contact angle hysteresis observed in crystalline films was proposed to be an indicator for the differences in surface energies for the two polymers despite difficulties encountered in knowing accurate nature of differences in the surface properties between amorphous and crystalline substrates by analytical techniques. From their findings, processing variables are important parameters to be considered when designing devices for tissue regeneration with PLLA.
Evaluations of PLA pins produced with very little crystallinity (PLLA-A) and with extensive crystallinity (PLLA-C) in vitro in a phosphate buffer solution, PBS of pH 7.4 for 6 months were made by Duek et al., [49] . These evaluations include effects of degradation on mechanical, thermal, and structural properties, as well as molar mass variation. Results show that PLLA-C pins lose their mechanical properties more quickly, although degree of crystallinity for both types of pins increases over time. Structural analyses after 10 weeks revealed that in addition to the formation of cracks, various regions show evidence of erosion, not only along the surface of the fractures, but also on the external surface of the PLLA-A rods (Figure 1(a) ). PLLA-C structure revealed an increase in the number of cracks and points of erosion which explains its complete deterioration in mechanical properties (Figure 1(b) ). The protracted reduction in mechanical properties of PLLA-A with time is thus proven as a consideration for their suitability in biomedical devices.
Histomorphometrical and micro radiographical examinations of PLLA implants on skeletally mature rabbits (mean weight of 3.7 kg) have been operated upon in the adjacent articular cartilage and sub-chondral bone with their intact contralateral femur which served as a control for comparison [66] . Providing 36 and 48 weeks as follow-up periods for tissues to recover after implantation, bone formation was discovered to envelope the implant in all specimens. Results also revealed a greater value of the trabeculae's fractional oseoid formation surface as compared to the intact control specimen on the 36th week. The slow healing process of the articular cartilage was attributed to the long degradation time employed. Hence, large implants made of PLLA were concluded not to be fully favourable for implantation.
Investigation on biocompatibility improvement of fast degrading viscous bioerodible polyortho ester (POE) in rabbits through addition of additives comprising sodium acetate, hydroxyapatite, calcium carbonate and magnesium hydroxide has been studied by Zignani, et al. [51] . The POE was subconjuctivally injected nasally near the superior rectus muscle with a hydraulic syringe. Daily clinical and histological examination of these restrained rabbits showed a decrease in the rate of POE degradation, which led to a reduced formation rate of acidic products. Hydrophilic sodium acetate enhanced biocompatibility modification and drug release of the polymer while magnesium hydroxide retarded drug release and improved biocompatibility. From the study, no severe inflammations occurred despite prolonged degradation rate.
Mechanical property, molecular and mass changes with in vitro degradation behavior of braided stents made of self-reinforced PLLA fibers having different diameters in PBS of pH 7.4 and 37˚C for 36 weeks was carried out by Pekkanuutinen et al., [67] . The mechanical properties of the stents were measured by placing each of them in the grips of the testing device at a pulling speed of 50 mm/min and the initial radial pressure stiffness from their load-displacement curves were obtained. Initially, the radial pressure stiffness of the braided PLLA stents were found to be slightly lower than that of the commercially available metallic braided stents and it took 30 weeks for the radial pressure stiffness to decrease to half its initial value. Stents lost their structural integrity within 36 weeks during in vitro degradation. During the period, the intrinsic viscosity decreased to about half of its initial value after sterilization, while stent mass reduced to 93% of its initial value.
Barbant et al. [55] immersed dense and 90% porous poly-L-lactic acid (PLLA) membranes in an alkaline (NaOH) medium and PBS of pH 7.4 and 37˚C for in vitro degradation studies within 150 days. Results from DSC revealed that degree of crystallinity of PLLA increases with increasing degradation time in both PBS and NaOH but more prominent in NaOH medium. The study showed that pore size has no effect on the morphology of membranes during the degradation period in PBS and dense membranes degrade faster than porous PLLA by the autocatalytic effect.
In polymer tensile strength-bioerosion relationship study, Manzi [29] submerged dog-bone shaped bars of PLLA in water for 20 days. Dimensions and strength of some sets of bars till the incubation period elapsed were taken at an interval of 5 days. The results indicated that tensile strengths of PLLA do not show significant decrease with increasing exposure time in water while the fatigue time before failure is inversely proportional to the time of exposure. This has been useful in determining whether bioresorbable tensile bars would be adequate replacement for titanium fixation systems. Owing to the minimal strength decrease of bioresorbables, they can thus be appropriate for bone fixation.
Comparison between in vitro degradation of porous scaffolds (75% porosity) and non-porous thin films made of PLLA biopolymers (Figure 2 ) in PBS of pH 7.4 have been studied by Sultana and Abdul-Kadir [57] . Water uptake of PLLA porous scaffolds was observed to be much more than thin films. Fragmentation and scission of chains caused by porosity led to accelerated weight loss of scaffolds after 6 weeks. This was proven to dominate the degradation during the incubation period.
The influence of hydroxyl radicals (HO − ) on degradation of amorphous PDLA has been studied [52] . The HO − radicals were formed by the addition of hydrogen peroxide (H 2 O 2 ) with ferrous sulphate (FeSO 4 ) and cobalt nitrate (Co(NO 3 ) 2 ) at pH 6 -7 in distilled water. Immersion of specimens in the aqueous solutions and distilled water (as control) for 30 weeks, resulted in a sharp decrease in weight loss of specimens in the former medium than the latter. It was observed that chemical hydrolysis of distilled water was responsible for the hydrolytic degradation in the ester groups of PDLA control specimens, while the existence of HO − in the hydroxyl aqueous solution showed that PDLA undergoes both hydrolytic and free radical degradation. It was therefore inferred that HO − radical can influence the hydrolytic degradation of PDLA. In a comparative in vitro degradation study, Grizzi et al. [58] aged varying dimensions and shapes of poly-D,L-lactic acid (PDLA) devices in phosphate buffer solution (PBS) of pH 7.4 at 37˚C for a maximum of 36 weeks. Samples with greater thickness degraded at a faster rate and therefore, nanoparticles should last much longer than large size devices for effective use in drug transport and sustained release. Schmidmaier et al. [53] coated titanium and steel wires with PDLA containing growth factors that will stimulate fracture healing. The growth factors include insulin-like growth factor-I (IGF-I, 5% W/w) and transforming growth factor-beta 1 (TGF-β1, 1% W/w). A 42 day in vivo degradation experiment in tibiae of rats revealed a loss of PDLA thickness (less than 5%) with a complete and regular layer without any defect on the metallic surfaces. The results confirmed that growth factors can be released continuously from implants directly into the bone (especially at the early phase of bone healing) to stimulate healing and in-growth processes. The ability to influence the proliferation and differentiation of cells was said to enhance this stimulation. An experiment aimed at investigating the relationship between oligomer molecular weight and in vitro degradation of PDLA in 65˚C PBS of pH 1.5, 4.5 and 7.4 has been carried out by Schliecker, et al. [41] . The polymers were characterized via Size Exclusion Chromatography (SEC), DSC and Neutron Magnetic Resonance (NMR). Results from kinetic studies revealed that hydrolytic degradation of oligomers at pH 1.5 was the fastest, while that of pH 4.5 is the slowest. From the mechanistic point of view with H-NMR spectroscopy, chain end cleavage was said to be responsible for the degradation of oligomers in the acidic medium (pH 1.5) while for basic, degradation was attributed to random ester cleavage. Thus, hydrolysis is said to slow down with decreasing pH up to pH 4.5 but faster below 4.5. The study also showed that degradation at the initial stage deviates from the conventional autocatalytic effect. Further studies on factors responsible for bulk degradation of PLA and PLGA was advocated. Two materials have been used to perform osteotomy on the medial femoral condyle of sheep: PDLA pins and composite pins of 10% β-tricalcium phosphate (β-TCP) (90/10) [68] . At the end of 3, 18 and 36 months, a histological examination performed on the synovial membrane and lymph nodes revealed that minor reactions of the synovial membrane took place in the composite pins at the end of the 18th month. Owing to the slow degradation process of biodegradable PDLA, there was no clinically relevant inflammation of either joint or lymph nodes. The addition of 10% b-TCP did not result in any significant enhancement.
Kumta et al. [46] implanted rods of PGA into the femoral medullary canal (bone) and the subcutaneous tissues on the inner section of each thigh of adult rabbits. Bend tests conducted after 4, 7, 10, 14 and 21 days of implantation showed that PGA displayed 73% strength reduction in bone implantation and 64% reduction in subcutaneous tissue at the end of 14th day. Fragmentation of PGA rods occurred after 21 days which made it difficult to run tests on retrieved samples after implantation. An understanding of the degradation mechanism of tyrosine-derived polycarbonates from the hydrolysis rate of carbonate and ester bonds in the polymer compounds have been studied [48] . A model was designed to simulate repeat unit of tyrosine-derived polycarbonates, the degradable ester and carbonate linkages present in the pendent chain and the backbone. Incubations at 37˚C in a 5 ml PBS at pH 1, 3, 5 and 7.4 indicated that increasing the pendent chain length from ethyl to octyl increased the hydrophobicity of the model compound and lowered the hydrolysis rate of both the ester and the carbonate bond. At neutral to slightly acidic pH, hydrolysis rate of the carbonate bond was more rapid than the rate of ester bond cleavage. Under acidic conditions, the acid-catalyzed hydrolysis of the ester bond became a dominant factor and pendent chain ester hydrolysis outpaced the rate of hydrolysis of the backbone carbonate bonds. These observed results were affirmed to be useful in the speculation of in vitro degradation behavior of polycarbonates.
Schantz et al. [69] implanted PCL, having a porosity of approximately 70% in patients' calvarium for clinical evaluations for 3, 6 and 12 months. This short term evaluation showed that PCL is suitable for bone temporary supporting device as no complication was observed. Their strength and fracture-resistant properties enhanced firm anchoring in the surrounding calvarium, which led to stable tissue reconstruction.
Investigation into the role of esterolytic enzymes and reactive oxygen species secreted by macrophages on the degradation of aliphatic and lysine-derived poly (ester urethane)s (PEUR) networks under both in vitro and in vivo conditions has been conducted by Hafeman et al. [70] . PEUR scaffolds were synthesized by Hexamethylene diisocyanate trimer (HDIT) or lysine triisocyanate (LTI) methods. Results showed that during the first 8 weeks of in vitro incubation, all the PEUR materials retained at least 80% of their original mass. Compressive and tensile properties of the scaffolds showed that they were compressed to 50% of their initial thickness without fracturing. The tensile strain at break ranged from 60% -240% for all samples. Images from SEM revealed surface degradation, thinning, and pitting of the pore walls as predominant degradation mechanisms in 4 to 8 weeks while pitting, cracking, and subsequent failure of pore walls were observed at 12 weeks.
Characterizations of Co-Polymers/Polymer Blends
Mechanical behavior of poly-D,L-lactic acid/poly-ε-caprolactone (PLA-PCL, with a 90:10 ratio of PLA and PCL) fibers during degradation in 37˚C PBS have been examined [39] . At the end of 28 week incubation period, fibers' dimensions and degradation medium showed no significant change. Force-extension relationship measured from the universal mechanical testing machine revealed that plasticity and strength decreased progressively at the end of the 16th week. Constitutive models used validated experimental results and thus found to be reasonable for other biodegradable materials. This model was considered as fundamental tools in the design of regenerative medical devices where strain energy is an important requirement. Dunne et al. [24] ran an in vitro degradation test on micro and nano particles of polylactide-co-glycolide (50:50 PLGA) in phosphate saline (PBS pH 7.4) under different conditions of temperature. Weight loss observation of samples after incubation period showed the existence of a linear relationship between the degradation rate and particle size, with the larger particles degrading faster. The rate of polymer degradation was also found to increase with increasing incubation temperature. The ability to model and predict the mechanical properties of Polyglyconate B (a block co-polymer of glycolic acid and trimethylene carbonate) as a function of implantation time, have been demonstrated by Farrar and Gillson [71] . In the study, two different molecular weights of the material were incubated in PBS at 37˚C for 31 days. Changes in molecular weight, mechanical properties and mass as a function of degradation time were observed. The polymer with lower molecular weight lost its strength faster as compared to the other. A relationship between mechanical strength and average molecular weight (M n ) number was seen feasible while that for weight average molecular weight (M w ) was not. This observed relationship was seen to be more complex than that used in the model. As a result, empirically derived model from data was suitable in determining the relationship between M n and mechanical strength of the polymer.
Varying mass fraction of PLA-PCL blends have been cast to dog-bone shapes by Broz, et al. [72] for structural and mechanical investigations using a 10 mm extensometer. The strain at failure measured across the entire mass fraction range of samples was observed to decrease monotonically with the mass fraction increase of PLA (Figure 3 ). Supporting this with results obtained from SEM and NMR, the decrease showed that little amounts of glassy PLA will embrittle the PCL matrix as a result of the formation of PLA inclusions in the blend with some interfacial adhesion. Thus, the range of mechanical properties accessed in the experiments demonstrated the benefit of polymer blending as mechanical properties can be tailored through blend composition. PLA and PCL were confirmed to be miscible and some adhesion may occur at the PLA/PCL interface when the majority phase is PCL but not the reverse.
Elastic poly-L-lactide-co-ε-caprolactone (PLCL, of 50:50 PLA:PCL) scaffolds have been seeded with smooth muscle cells (SMCs) and implanted in nude mice for biocompatibility and in vivo degradation behavior studies [28] . From the study, PLA-PCL scaffolds of this ratio exhibited excellent tissue biocompatibility to SMCs, which suggested its suitability for vascular tissue engineering. It was also observed that PLCL scaffolds display slow degradation time, while caprolactone units degrade faster than lactide. This was attributed to the fact that the amorphous regions contain caprolactone moieties which degrade earlier than hard domains (crystalline) where most of lactide units are located. Thus, scaffolds' perfect tissue compatibility to SMCs permits them for vascular tissue engineering.
Blends of PLLa and PCL (PLLA/PCL), having different PCL contents of 5, 10 and 15 wt% have been fabricated to investigate the effects of PCL content on the fracture property, mechanism and microstructure of PLLA/ PCL [73] . Mode I fracture testing measured the critical energy release rate at crack initiation (G th ) while polarizing optical microscopy POM and SEM characterized fracture mechanisms. It was shown that G th was improved by blending PCL with PLLA and the maximum increase (51%) was achieved with 5 wt% of PCL. Morphological study showed that phase separation took place due to the incompatibility of the two components, and spherical structures were created as dispersed PCL phases. The size of PCL phases increased with increase of PCL content. PLLA/PCL exhibited craze formation in crack-tip region that was initiated by void formation and nucleated by de-bonding of spherulite interfaces. Increase of dissipated energy due to such multiple craze formation was confirmed to be the primary mechanisms of the G in improvement.
Salgado et al. [74] blended 5% of a rapid degradation rate sebacic acid (SA) with PCL, known for its low degradation kinetics for degradation studies in PBS for 30, 60, 90 and 120 days. Characterization of specimen's stability evaluation was done through differential scanning calorimetry, dynamical mechanical analysis and scanning electronic microscopy after each stage of degradation. Results showed that porosity of blend increases with time as polymer crystallinity gradually decreases. Both pure PCL and PCL-SA became stiffer with the increase in time of incubation in PBS solution. A distinct behaviour between degraded and non-degraded specimens was observed on the 30th day, with the undegraded specimens having higher storage modulus with the increase in temperature. Cell culture studies on MG63 osteoblasts also showed that the PCL-SA gel is cytocompatible and capable of maintaining high cell viability. In vitro degradation studies on cylindrical macroporous polylactide-co-glycolide (PLGA 75/25) foams in sodium cacodylate buffer solutions having different pH values (5.0, 6.4 and 7.4) has been carried out by Holy et al. [75] . Degradation measurements through changes in mass, molecular weight, and morphology showed that foams maintained at pH 6.4 and 7.4 lost 30% of their initial weight while that maintained at pH 5.0 loses 90% of its initial weight in the 4th month. This implied that the foams at pH of 6.4 and 7.4 can be used in tissue engineering applications for tissues that regenerate within the same time frame.
Elst, et al. [76] stated that the volume quantity of polymeric implant in the bony tissue needs to be reduced to avoid severe foreign body responses. PLA, 20:80 PLA/PGA and stainless steel were implanted into the mid shaft osteotomy of the left femur of 21 female sheep so as to evaluate tissue reaction on the implants and their long term degradation after 30 months with the use of light microscopy. A total of 18 animals survived the 30-month implantation period: six animals with a stainless-steel implant, five animals with a PLA implant and seven animals with a copolymer implant. Histological reports after 30 months of implantation revealed that the degradation of the materials was lower compared to the maximum suggested period of 24 months. Furthermore, for this long term period, tissue response was found severe with these materials and this indicates repulsion risks. Different formulations of PLGA foams have been used randomly on different ribs of sheep for 8weeks by Thomson et al. [25] . The synthetic polymer scaffolds make-up were PLGA with 85:15 copolymer ratios (PLGA 85:15), PLGA with a 50:50 copolymer ratio of high weight average molecular weight (High MW PLGA 50:50) and PLGA 50: 50 of low weight average molecular weight (Low MW PLGA 50:50). Histologic analysis showed no observable evidence of significant inflammatory reaction or tissue damage from degradation products during the period of implantation. Thus PLGA 85:15 with High and Low MW PLGA 50:50 are non-toxic when implanted in sheep and breakdown products do not induce damaging inflammatory response after 8 weeks.
Biodegradation behavior and the factors affecting biodegradation rate such as polymer composition, molecular weight, and pH of the biodegradation media is studied by Wu and Weng, [50] . A series of PLGA polymer rods of similar molecular weight but varied compositions such as PLGA50/50, PLGA65/35, PLGA75/25, PLGA85/15, and PLGA100/0, were immersed in 7 ml PBS of pH 7.4 and at 37˚C. As regards molecular weight effect on biodegradation, series of polymers with the same composition (PLGA 75/25) but different molecular weights were immersed in 7 ml of PBS of pH 7.4 and 57˚C. Polymer samples of PLGA 50/50 were used in the study of pH effects. Here, samples were immersed in PBS of pH 5.0 and 7.4 while pH 9.24 sodium bioatebuffer was also used. The study results indicated that PLGA with a higher molecular weight degrades faster than those with a lower molecular weight. Furthermore, the biodegradation rate of PLGA containing higher content of lactic acid moiety is lower than those containing a lower content of lactic acid moiety. Effect of medium pH showed that biodegradation of PLGA could be delayed in a basic medium (pH 9.24) compared to samples in an acidic medium (pH 5.0) with higher biodegradation rate. Biocompatibility of bioresorbable PLGA 85/15 pins implanted in the interstices of dorsal muscle, the gluteal muscle and the bone marrow cavity of distal femur of adult rabbits (3 and 4 kg) has been studied by Lin et al. [77] . Macroscopic and histological examinations within two months after implantation revealed that the heterogeneous degradation of PLGA specimens in vivo led to erosion from the surface towards the center of the pins due to acid secretions of inflammatory cells adjacent to the implants. The accumulation of acids facilitated the cleavage of ester bonds of PLGA and this accelerated the degradation rate. Unlike center degradation pattern (interior to exterior) observed in vitro by other researchers, slow removal of the acid produced from the hydrolysis of polyester in the interior of the specimen was confirmed to be the cause. Inflammatory reaction was not found to be severe and healing of the surgical wound took place without complications. PLGA was therefore seen as a good bioresorbable material for medical use. Differences in degradation patterns observed in vivo and in vitro implied that regular incubation conditions proposed for in vitro study will not perfectly simulate in vivo degradation of implants. The study aimed at ensuring dimensional stability of bioresoebable polymers during degradation for suitable bone bearing capacity during application has been carried out [44] . Polylactide-co-glycolide (PLGA of 85:15 PLA:PGA) was reinforced with 3D network (scaffold) biodegradable polymer polypropylene fumarate (PPF) and crosslinked with a biocompatible hydrophilic and vinyl monomer, vinyl pyrolidone (VP). Implantation of extruded rods into 400 g adult male Sprague served as the in vivo model while for the in vitro, incubation of specimens was done in lead buffer solution at 37˚C for 21 days to measure their degree of swelling, hardness and flexural strengths. Investigations showed that unreinforced PLGA possess higher initial flexural strengths than the in situ cross linked or blended samples before incubation in the buffer solution. Loss of flexural strength was evident in the reinforced samples. Substantial amount of newly formed uncrosslinked leachable PVP (polyvinylpyrolidone) leaving the implant structure was affirmed to be responsible for the decrease in crystallinity of the bulk PLGA which eventually led to decrease in its strength. The introduction of reinforcing scaffold enhanced the production of leachables which in turn influenced the degree of biological response. The in situ cross linked samples appeared to be the most suitable tissue damage. This formed procedural basis for in vivo biocompatibility.
Poly (lactide-co-glycolide) (PLGA 50/50) has been blended with hydrophilic chitin to form chin/PLGA blend ratios of 1:3, 1:2, 1:1, 2:1 and 3:1, respectively [45] . Information from SEM revealed that PLGA particulates are homogeneously dispersed in chitin matrix and this suggested the occurrence of obvious phase separation from the blended chitin and PLGA 50/50 phase which occurred as a result of their thermodynamic incompatibility. Degradation study achieved by determining water uptake capacity in deionized water at room temperature showed that weight loss of the chitin/PLGA 50/50 microspheres increase with increase in hydrophilic chitin content. This implied that the hydrolysis of PLGA can be hastened after blending with hydrophilic chitn. Temperature dependence of elastic (G') and viscous moduli (G") on 75:25 PLA/PGA has been studied by Santovena et al. [42] . Implants were observed to behave as visco-elastic solids at room temperature, where values of G' were above that of G". Implants had high flexibility and capacity to maintain their initial shapes after deformation. On incubating samples in phosphate buffer solution (PBS) of pH 2.0 and 7.4 for 22 days, increase in G' and G" was observed, implying increase in their rigidity and flexibility. In addition, continuous weight loss and implants' appearance were observed. Degradation at pH 2.0 was faster than that at 7.4 and this was attributed to the fact that carboxylic end-groups of polymers were not neutralized in the former. In vitro and in vivo degradation in phosphate buffer solution and rats respectively, with biocompatibility comparison between polypolyolsebacate (PPS) and PLGA have been carried out [78] . In vivo degradation results were observed to be faster than those of in vitro. In addition, the chemical, physical and mechanical properties with degradation rates of PPS can be altered by altering the polyol and stoichiometry of the reacting sebacic acid. PPS polymers exhibit comparable biocompatibility with PLGA.
Cylindrical shaped composite materials composed of 84 wt% lactide and 16 wt% glycolide (PLGA) with 15 wt% carbon fibers and hydroxyapatite particles (HA) incubated in a Ringer solution and simulated body fluid (SBF) at 37˚C for 10 weeks to determine environmental influence on degradation was examined [79] . The low viscosity of Ringer fluid activated rapid degradation of the composite implant than in SBF. Thus, degradation speed is dependent on viscosity of applied fluids which provides the ability to penetrate polymer's structure and interfacial boundaries. Comparing results with in vivo experiments on sub maxilla bone of rabbits, degradation process in vivo was observed to be faster than in vitro. Complexity of the living system, where processes like protein adsorption, cellular reactions, body fluid flow and charge exchanges justified the reason for such rapid degradation of artificial implants. Failure studies of 70:30 poly-L-lactide-co-D,L-lactide (PLDLLA) spinal cages designed to withstand mechanical loads in the lumbar spine of a goat for six months has been carried out by Smit et al. [80] . A servo-hydraulic MTS Elastomer Testing System 831 applied uniaxial compression load within the rates of 10 −3 and 10 −1 mm/s to failure under standard conditions at room and body temperatures. The experiments were done in de-mineralized water after soaking for 24 hours and the effect of humidity evaluated. Observation indicated that at lower loading rates, humidity and temperature, the mechanical strength of 70/30 PLDLLA cage is low. On static loading, cages fail within 24 hours when loaded at about half their mechanical strength while prediction via extrapolation evaluated cage failure in the 3rd month when loaded at a quarter of their strength. Loading below their instantaneous strengths, the cages were observed to fail after short periods of time. The premature failure of 70/30 PLDLLA cages arose as a result of mechanical loading and the time-dependent mechanical properties of the material. These induced a state of enhanced molecular mobility that ended up stimulating a dynamic rearrangement of molecular segments and thus engendering a plastic flow.
The potential of 70:30 PLDLLA membranes as temporary implant under hydrolytic degradation in a PBS of pH 7.4 at 37˚C for 20 weeks has been studied [81] . The characterization of membranes before and after degradation were achieved using differential DSC, GPC, TGA, SEM and mechanical traction tests. Stability of membranes was observed to span for 16 weeks until noticeable decrease in T g was observed in the 18th and 20th weeks. This was attributed to the polymeric chain cleavage that occurred during degradation. With the GPC, decrease in M w was observed after 2 weeks and the results showed that M w loss occurred between the 18th and 20th weeks as a result of gradual breakage of polymer chains during hydrolysis. Analysis with TGA showed that the temperature at which mass loss begins decreases with degradation time as its low values were recorded in the 18th and 20th weeks. Microscopic observation indicated that no pore was present before degradation but after degradation, pores and fissures on broken surface were evident. Membranes' resistance to traction and modulus of elasticity were found to be maintained till the 8th week. At the end of the 16th week, there was a sharp reduction of these properties as a result of PLDLA degradation. Given these degradation characteristics, PLDLA membranes were said to be good for temporary implantations.
In vitro degradation of 70:30 PLDLLA in PBS for 24 weeks and medical incision in dorsal subcutaneous tissue rats for 90 days have been studied by Ciambelli et al. [27] . The implants showed no effect on the health and behaviour of the rats as no significant adherence between tissue and implants occurred within the first 7 days. In contrast, 15-day implants showed greater polymer-tissue attachment. This finding suggested that the polymertissue process tends to increase gradually through organization of the conjunctive tissue fibers into a conjunctive capsule. Mechanical tension test results showed that PLDLLA behaves like a ductile material under constant tension. The Young's modulus, elongation at break and the maximal tension decrease as degradation time elapses. Polymers retained their dense morphology within the first 4 weeks of incubation until after the 12th week where pores and cracks are observed at the center of samples. Biocompatibility and mechanical stability of PLDLLA displayed in the experiments have made them attractive materials in the biomedical fields.
The effects medium pH, filler material (β-tricalcium phosphate. β-TCP) and crosslinking density of polypropylene fumarate-diacrylate (PPF-DA) on in vitro degradation of poly (propylene fumarate) (PPF) as an injectable and biodegradable bone cement has been examined [82] . The study employed a 52 week incubation period with the use of buffered saline having pH 7.4 and 5.0. Within the first 12 weeks of immersion, the β-TCP composite specimens showed initial increase in their modulus and yield strengths. Lower crosslinking densities of PPF/PPF-DA networks indicated rapid degradation rate owing to the occurrence of a huge mass loss. At the lower environmental pH 5.0, degradation was hastened but this effect was not as intensified as that of crosslinking density due to low water uptake of the material. In comparison to the physiological pH 7.4, rapid decrease in the compressive strength at pH 5.0 with no difference in mass loss occurred. The addition of β-TCP into the polymer matrix acted as an internal buffer as degradation was delayed. Results showed that the degradation of PPF/PPF-DA networks can be controlled by the crosslinking density, accelerated at a lower pH, and prolonged with the incorporation of the b-TCP filler.
Glarner and Gogolewski [47] studied in vitro degradation of poly-L-lactide-co-DL-lactide-co-glycolde (80/ 10/10 PLLA/PDLA/PGA) pins in PBS of pH 7.4 and 37˚C for 36 weeks. Results showed a progressive drop in molecular weight and mechanical properties of pins until the 24th week where fragmentation occurred. Crystallinity of pins increased during the first few weeks of incubation but declined on the 24th week. The high susceptibility of the pins to in vitro degradation was associated with the chemical composition and the molecular weights of samples used in the study. Toto et al. [83] blended four different kinds of ductile biodegradable polymers with PLLA to study its effects on the bending modulus, strength, impact fracture energy and mode I fracture property. These polymers were PCL, polybutylenessuccinate (PBS), polybutylene succinate-co-L-lactate (PBSL) and polybutylenessuccinate-co-ε-caprolactone (PBSC). A field emission scanning electron microscope (FE-SEM) investigated mode I fracture while a POM measured the crack growth behaviour. Though ductility of PBS was thought to be lower than the other three ductile polymers, blending it with PLLA improved its modulus, strength and toughness. Thus, polymer with the least ductility was concluded an effective blending partner to improve the bending properties of PLLA. PLLA/PBSC exhibited the best fracture properties such as mode I fracture energy and impact perforation energy. Ductility of PBSC was the highest and therefore, loca-lized ductile deformation in crack-tip region was effectively enhanced. Fibers of PLA-PCL, PGA-PCL, PDO and PGA have been characterized in terms of their degradation rates in water, NaCl (saline solution) and PBS at 37˚C [43] . Although the degradation rate of PCL is naturally very slow, weight loss results of the PGA-PCL combination in the three media is the most rapid. This is followed by PGA, PDO and the least degradable, PLA-PCL. PBS was observed to be a fast degrading medium for polymers except for PDO where water with pH nearly neutral degrades much faster than the other two media. No significant differences were observed among the three media for PLA-PCL. At the end of each degradation stage, mechanical test results showed that tensile strength of the samples depend on molecular weight while the Young modulus is independent of it. This degradation rate can be used in the dimensioning of biodegradable devices using a first order equation. In cases where diffusion is neglected, the rule of mixtures could be used to calculate the degradation rate of a composite of two or more biodegradable materials.
Schakenraad et al. [84] studied the in vivo and in vitro degradation of glycine/D,L-lactic acid copolymers with poly-D,L-lactic acid in rats and PBS at pH 7.4 respectively. The degradation of the polymers was observed to take place via bulk hydrolysis of the ester bonds and they showed comparable in vivo and in vitro degradation behaviour. Tissue reactions against all materials started with an acute inflammatory reaction caused by the trauma of implantation and followed by wound healing processes. These results in mild foreign body reaction for the poly-D,L-lactic acid and a more excessive macrophage mediated foreign body reaction for the glycine/ DL-lactic acid copolymers. Although the rate of hydrolysis was not affected by the changes in composition, increasing the mole fraction of glycine units in the copolymer promotes faster absorption of material (a higher degradation rate) which makes tissue reaction more severe. Riley et al. [85] evaluated effects of polymer chemistry on adhesion, proliferation, and morphology of HAC. The evaluation studies was done on the following polymer films: PGA, PLLA, PDLA, 85:15 PDLA-PLGA, PCL, 90:10 PDLA-PLCL, 9:91 PDLA-PLCL, 40:60 PLLA-PLCL, 67:33 polyglycolide-co-trimethylene carbonate (PGTMC), and PDO as polymer scaffold material for human articular cartilage (HAC) and chondrocytes, harvested from the knees of a young cadaveric donor. The kinetics of cell adhesion was assessed by seeding HAC cells into tissue culture polystyrene (TCPS) and PCL substrates in a humidified incubator (37˚C and 5% CO 2 ) for 0.25, 0.5, 1, 2, 4, 6, 8, and 10 hours. The seeding of HAC cells onto all polymers for 8 hours was also done and cell proliferation assessed. Chondrocyte adhesion is observed to be rapid and close to its maximum within 6 hours of culture. The greatest number of chondrocyte attachment after 8 hours of culture occurred on PGA and 67:33 PGTMC polymer films, while attachment to PCL and L-PLA films were statistically lower than that found on PGA. When the chondrocytes were allowed to proliferate on the substrates, a superior expansion was observed on PDO and L-PLA substrates compared to the TCPS control. This was being partially attributed to the superior hydrophilicity of the PDO and L-PLA polymer compared to the TCPS. With respect to adhesion and proliferation, the results have shown that all polymers used in the study would provide a suitable substrate for chondrocyte culture and potential scaffolding materials for cartilage tissue engineering.
In vitro degradation studies of polymerization/copolymerization procedure of PLA a and PLGA copolymer of 90:10 and 70:30 ratios in PBS maintained at 37˚C and pH 7.4 has been carried out by Kiremitci and Deniz [86] . Results showed that homopolymers exhibit similar degradation rates while the copolymers degrade more rapidly depending on the glycolic ratio. Comparison of mass loss and intrinsic viscosities results showed that mass loss of implants occurred after intrinsic viscosity reached a threshold level. Self-reinforced polyglycolic acid (SR-PGA) and poly-L-lactic acid (SR-PLLA) pins have been fixed into the right and left femurs of rats for their shear load carrying capacity after 1, 3, 6, 12, 24, 36, 48 and 52 weeks of implantation [87] . Shear load carrying capacity of femur devoid of implants (control sample) and those fixed with SR-PGA and SR-PLLA implants were observed to possess maximum values on the 36th week after which they gradually reduced. On the 52nd week, the load bearing influence of pin on SR-PLLA implants ceased as SR-PGA implants and control specimens had greater magnitudes of load bearing capacities. Periods other than this revealed higher load bearing capacity values in the SR-PLLA implants where pins carried the load.
Films and porous patches of poly-3-hydroxybutyrate (PHB) and PLLA have been fabricated and prepared for mechanical testing, thermal and molecular weight analysis for the development of a gastro-intestinal patch [88] . Tensile properties of specimens at room temperature are measured from the stress-strain curves, while thermal and molecular weight analysis are perfumed with the use of DSC and the GPC respectively. In vitro degradation experiment were carried out on the materials in Sorensen buffer (0.1 M, pH 7.4), kept at 37˚C and 70˚C respectively. Implantation into the abdomen of 250 g anesthetized male rats represented the experiment in vivo. In ad-dition, immersion of samples in pancreatin (an enzyme) investigated enzymatic influence on the degradation. In vitro degradation results showed that hydrolysis of PHB is slow as its molecular weight loss decreases by 1.5% after a year in buffer solution at 37˚C while the degradation of PLLA was much faster. The presence of pancreatin indicated a participation of enzymes on PHB hydrolysis, while the degradation characteristics of PLLA remained essentially the same. For repair of bowel defects, experiment showed that PHB is selected as most promising material combination because of its mechanical properties and in vitro degradation behavior. Its degradation occurs in a way that the temporary patch material resists the intestinal secretions and closed the bowel defect for a sufficiently long time to allow complete healing of the defect. Three processing stages, which are the orientation, hot-stretching and post annealing stages, have been designed for PGA and PGLA fibers for structural, property changes and in vitro degradation assessments [56] . PGA fibers showed higher degrees of crystallinity than corresponding PGLA fibers in the orientation stage while PGA samples gained more crystallinity and higher glass transition temperature, T g than PGLA samples in the hot stretching and post annealing stages. PGA samples' degradation rate was slow as a result of its high degree of crystallinity while results from dynamic mechanical analysis (DMA) indicated that the internal stress built in the orientation and hot stretching stages was released during the post annealing stage for both PGA and PGLA samples. Increase in sample strength, crystal size and T g were observed at the hot stretching and the annealing stages. Both PGA and PGLA samples showed cleavage-induced crystallization during in vitro degradation.
Degradation rates of fast degrading polymers, 50:50 PLGA and slow degrading polymer, PCL have been differentiated by Sung et al. [89] . Smooth muscle cells were harvested from aortas of wild-type mice and grown in Dulbecco/Vogt modified Eagle's minimal essential medium (DMEM) supplemented with 10% fasting blood sugar (FBS). Observation showed that fast degradation of PLGA negatively affects cell viability and migration into the scaffold. This effect was ascribed to the significant acidification of the local environment due to the fact that polymer degradation of the PLGA scaffolds exhibit less cell mobilization and less angiogenesis which further supports the negative effect of the acidic environment created by the degradation of biocompatible polymers. Angiogenic response was developed within the scaffolds implanted in vivo and this was attributed to the presence of inflammatory response.
Two in vivo degradation experiments have been performed on segmented polyethylene glycol (PEG) and polybutylene terephthalate (PBT) (PEOT/PBT) by Deschamps et al. [90] . Subcutaneous implantation of meltpressed discs of varying copolymer composition in rats for 24 weeks marked the first in vivo experiment. In other to incite prolonged in vivo degradation, pre-degraded PEOT/PBT samples in phosphate buffer saline (PBS) at 100˚C for 14 days were made and subsequently implanted in the rats, which represented the second experiment.
Materials in both experiments were observed to degrade slowly with the exception of polymer with the higher content of PEO, whose degradation was rapid. Degradation products in PBS as analyzed by proton nuclear magnetic resonance spectroscopy (1HNMR) and high performance liquid chromatography/mass spectroscopy (HPLC/MS) consisted of a fraction with high contents of PEO that is soluble in PBS and a PEOT/PBT fraction that is insoluble at room temperature. From the different in vitro and in vivo degradation experiments, PEOT/ PBT degradation was slow and generates insoluble polymeric residues with high PBT contents which could be tolerated by the body.
Single and double fibers made of PLLA, PDO and PGCL have been prepared for the design of stents for in vitro study in PBS (pH 7.4) at 37˚C [91] . At room temperature, PLLA was observed to possess a yield point with the highest tensile strength but the lowest ductility as compared with PDS and PGCL. Degradation studies of fibers indicated that PLLA undergoes slow degradation and can therefore preserve good mechanical properties after 24 weeks owing to low percentage loss in its mechanical strength as compared to PDS and PGCL. Although stents were observed to exhibit excellent initial radial compression strength, degradation studies showed that in vitro degradation resistance of PLLA was the best and hence, could support body conduits such as blood vessels for prolonged periods. The single-fiber design used for PDS and PGCL could have been responsible for the rapid loss of mechanical strength and using a double-fiber design can improve their degradation resistance.
Govaerr et al. [92] captured time-dependent failure behaviours of the following amorphous PLLA, a racemic co-polymer PDLLA and a 70:30 PLDLLA with glass transition temperatures 58˚C, 42˚C and 52˚C respectively. Result shows that the yield stress of samples increases in the order: PLDLLA < PDLLA < PLLA. Results from yield-true strain rate relationship for the three PLA materials showed that their deformation kinetics (obtained from the slope) is identical. Steady state plastic flow of polymers was explained to occur when applied stress induces dynamic rearrangement of polymer molecular segments. This increased deformation rate that culminated in failure as soon as a localized plastic deformation zone was created. Premature failure of polymers is attributed to their time-dependent character achieved under load applications. Thus in predicting the long term performance of any polymeric material, knowledge of its instantaneous strength will not be enough. A single loading geometry is not enough to explain the strength of a polymeric material. Long-term performance of a degradable construct can in principle be estimated in early stages of design using some predictive models.
Leaching salt process was confirmed to be an alternative means in the processing of PCL and poly-D,L-lactic acid-co-glycolic acid of ratio 50/50 (PLGA50) scaffolds for cell culture in tissue engineering [93] . Dense and porous scaffolds are prepared via casting and melting compression processes. Prior to the production of porous scaffolds, inclusion of sodium citrate (Na 3 C 6 H 5 O 7 .) with particle sizes of 180 -250 μm diameter acted as porogen (pore creator). Both samples were immersed in distilled water for 30 hours and evaluations by SEM, DSC and TGA were done. The results showed that leaching salt process does not alter the properties (morphology and thermal properties) of the scaffolds as the time for immersion of samples needed for the removal of salt in distilled water was observed to be insufficient. Determining work of adhesion between biodegradable polymers and hydroxyapatite (HA) via wetting experiments and surface tension measurements has been investigated by Neuendorf et al. [94] . The polymers used include: PLLA, PDLA, PDLLA, 75/25 PDLA/PGA, 50/ 50/50 PDLA/ PGA and PCL. Mechanical fracture strengths of the HA/polymer bond measured using four-point bend tests is observed to increase with decrease in contact angle and vice versa. There is reduction in bond strength of HA/ polymer interfaces on exposure to humid environments. With these results, using ceramic/polymer composites as load bearing, synthetic bone-like materials may not be feasible as their mechanical stability could be severely compromised during in vivo degradation.
Chen [95] investigated the degradation behavior of PLLA, PLGA and PCL sponges, having different glass transition temperature (T g ) for structural change effect during degradation in PBS under pH 7.4 at 37˚C. Analysis obtained from changes in average molecular weight (M n ), weight loss, crystallinity (X c ), melting temperature (T m ), T g , and enthalpy revealed that PLGA sponges degrade most rapidly. Weight loss of the PLGA sponges reaches approximately 80% for 24 weeks of incubation. PLLA loses approximately 16% of its original weight after 26 weeks of incubation and PCL, less than 1% after 26 weeks of incubation. Degradation of PLGA sponges was found to be dominated by autocatalyzed bulk degradation for the first 12 weeks with subsequent surface degradation. PLGA sponges showed physical ageing during incubation because its non-crystalline nature had a T g above but near the incubation temperature.
Two kinds of biodegradable polymer blends of PLA/PCL and polylactic acid/polycaprolactide/lysine triisocyanate (PLA/PCL/LTI), have been prepared and subjected to annealing to study its influence on their mechanical properties [96] . Fixed mixing ratio of PLA and PCL at 85:15 in weight fraction was used, with the inclusion of 1 wt% LTI content. The observed results revealed crystallization of the PLA phase by annealing at 100˚C for 3 hours strengthens the structure of the PLA/PCL blend, resulting in increase of its bending modulus and strength. The significant decrease in the mode I fracture energy of PLA/PCL by annealing was attributed to the embrittlement of the PLA phase. In the case of PLA/PCL/LTI, the structural transformation due to polymerization by LTI addition and crystallization via annealing strengthened the microstructure which resulted to the dramatic improvement of the mode I fracture energy. Pins made of four tyrosine-derived polycarbonates-poly-DTE carbonate, polyDTB carbonate, polyDTH carbonate, and polyDTiP carbonate have been incubated in PBS at 37˚C, 50˚C, and 65˚C for 36 months for hydrolytic degradation studies by Tangpasuthadol, et al. [97] . At the end of incubation, polyDTE carbonate and polyDTiP carbonate specimen remained transparent with few small cracks at the pin surface while pins of polyDTB carbonate and polyDTH carbonate bent and turned opaque after 3 months and two weeks, respectively. There was no mass loss observed during this period at 37˚C unlike at 50˚C and 65˚C, where mass loss was evident. Thus, it is reasonable to presume that loss of mass will also occur at 37˚C, after extensive backbone carbonate cleavage and pendent chain ester hydrolysis.
Russias et al. [98] worked on fabrication and mechanical properties of poly-L-lactic acid-hydroxyapatite (PLA/HA) composites produced by adding calcinated HA (hydroxyapatite) powders and HA whiskers to PLA. Immersing the composites in Hanks' Balanced Salt Solution, Young's modulus, bending strength and fracture toughness were discovered to deteriorate gradually. Composites with ceramic contents ranging between 70 and 85 wt% have mechanical properties that match reasonably those of human cortical bone. Degradation was more pronounced in samples with larger ceramic content due to the dissolution of the smaller amount of polymer between the ceramic particles.
Summary
Although studies have shown that modifications in materials design can facilitate improved performance of implants, a careful study of the relationships among varying polymer components, their mechanical, chemical properties and degradation time need to be carried out. Thus, synchronization of polymer implant degradation with the replacement of natural tissues produced from cells in bone healing will facilitate adequate use of polymers in orthopedics.
Conclusion
In the reviewed literatures, synthetic biodegradable polymers and their blends have been attractive as tissue implantation devices owing to their biocompatibility and in particular, their controlled degradation kinetics in vivo and in vitro. It has always been a conventional perspective for researchers in materials science to tackle complications arising from the use of biodegradable polymers in orthopedics through the design of a new one. To achieve this, careful study of the properties and degradation kinetics of these synthetic polymers is advocated. In addition, more work needs to be carried out on the use of these ubiquitous natural polymers-starch and chitin, PLA with agro-wastes plant fibers in orthopedics as their usage will boost the commercialization of bone implants.
